Introduction
The basic representation of a radiation beam specifies the dose-distribution in a reference situation as described in Section 2.1. In practice, it is necessary to deal with patients that are irregularly shaped, heterogeneous in composition, and irradiated in various positions. In order to relate the properties of the radiation beam to those of the patient it is necessary to set up a coordinate system for each of them and to establish the relationship between the two systems. The spatial relation between two such systems is shown in Figure  5 .1.
Photon Beam Modification by the Patient

Effect of Source-Surface Distance (SSD)
A change in source-surface distance (SSD) affects the depth-dose curve, the divergence of the beam and the penumbra width. There are several methods for adjusting depth-dose data to take this into account. Three examples are:
(1) Store several depth-dose tables (or a function), corresponding to different SSD's and interpolate between them;
(2) Store one tissue-air ratio (TAR) or tissuephantom ratio (TPR) table (or function) and calculate the percentage depth-doses; (3) Store one depth-dose table (or function), one back-scatter factor (BSF) table (or function) and use the inverse square law (corrected by an appropriate BSF ratio). The variation of dose at the edge of the beam is also affected by the distance to the source. This is generally taken into account by calculating the geometrical penumbra and incorporating its value in a collimation function. Care must be exercised, however, if an effective source diameter is used to fit the dose variation at the edge of high-energy x-ray beams, since the algorithm used for computation of geometrical penumbra may not be valid.
Effect of External Shape
Most often, corrections for the shape of the patient are performed separately for each cross-section. That is, for each plane the whole patient is assumed to be a cylinder with that particular cross-sectional shape. An error can, therefore, result from an incorrect estimation of scatter from regions adjacent to the plane in which the doses are calculated. To correct the dose at a point in a patient (such as P in Figure 5 .2) we must 19 determine the depth of the point below the surface of the patient in the direction of the primary radiation (d' in Figure 5 .2) and determine the depth, d, of the point below the surface in the reference situation. Once these distances are known, it is possible to apply a correction procedure such as one of those described in ICRU Report 24 (ICRU, 1976) . The isodose shift method is widely used for manuE.· "alculations and is sometimes adapted to computer use. However, the effective SSD and TAR methods (ICRU, 1976) are more frequently used. The choice between them may depend upon the system of coordinates chosen to describe the radiation beam. Both the effective SSD and TAR methods are based on the assumption that the ratio of two TAR's remains constant, even for off-axis calculations. This is not quite true and a greater accuracy can be obtained if primary and scatter components are separated. For irregular field dosimetry these methods are more difficult to apply since threedimensional (3-D) representation of the body and 3-D SSD and depth calculations are necessary.
Effects of Composition and Density
The effects of tissue inhomogeneities are usually taken into account by calculating a dose correction factor which may be defined as dose at point P C = __ in _ h-:-e_t_ er_o--,g "-.e_n_e_ o_ u_s ___ p_h_a_n_t_o_m _ _ dose at same point in homogeneous water-like phantom Several methods for doing this are available and are listed in Table 5. 1 (from Cunningham, 1982) . A group of them (Category 1 of Table 5 .1) involves the computation of an equivalent path length in water d' = llPl + l 2P2 + ... where ll' l 2 ... are the thicknesses of inhomogeneities along the ray passing through the point of interest and Pb P2 ... are relative electron densities. The uncorrected dose is then multiplied by a factor which takes into account the differences of attenuation through d and d' thickness of water. The correction factor could be the ratio of two tissue-air ratios;
or an exponential involving the difference (d -d' ) .
The above methods do not account for the distance between the inhomogeneity and the point of calculation. Allowance for this can be made by multiplying by a position correction factor (O'Connor, 1957) or by using the power law tissue-air-ratio method (ICRU, Cp = coordinate system of patient CF = coordinate system, fixed C 1 = coordinate system of imaging unit CR = coordinate system of radiation therapy unit Fig.5.1a . Example of a suggested set of coordinate systems: a fixed system Cr. an information collecting unit system C lo a patient system Cp and a treatment unit system CR. The systems are assumed to coincide. or differ only by simple translations, for the most common patient position and with the units in zero position, and are consistent with the IEC standards.
The fixed system (CF) is used as a reference system. Thus, for example, a tomogram from a CT scanner obtained with an inclination of the gantry, which would be first defined in the C, system. would have to be positioned relative to the fixed system CF.
In radiotherapy, it is necessary to define both the patient and the radiation beam geometries separately and define their relation to each other. One way to do this is via the fixed system CF. The beam geometry is given by a transformation from the Cr-system to the treatment unit system C R (defining gantry angle, collimator rotation, etc.). The exact position of the patient during treatment is defined in the CF-system by giving the transformation from the CF-system to the Cp-system (e.g., if patient prone with head towards stand: rotate CF 180 0 about the Y Faxis) together with the Cp-coordinates of a set of anatomical reference points. These points also make possible a nonlinear transformation from an arbitrary patient position to the established patient position. (From Lamm and Dahlin, 1984b.) 1976), (Category 2, Table 5 .1). This latter method was first proposed by Batho (1964) for points in unit density material below a non-unit density region. It was extended by Sontag and Cunningham (1977) to include points within an inhomogeneity. They expressed the correction factor as a ratio of two tissue-air ratios raised to powers which are related to the relative electron densities
where the z's and p's for an example configuration are as shown in Figure 5 .2.
When a number of inhomogeneities are traversed by a given ray, the correction factor derived from the latter method (Webb and Fox, 1980; Sontag and Cunningham, 1977) is given by the product:
where Zi is the distance between point P and the anterior part of the ith inhomogeneity under the surface and Pi is the relative electron density of this inhomogeneity (with Po = 1).
The procedure of determining an effective path length for use in Eq. 5.3 can also be carried out using a pixel search in a density matrix ( Figure 5 Figure 7 .2). An anterior oblique beam to the right side (beam direction relative to the patient = 320 0 ) will correspond to the following machine settings (only gantry angle is given) depending on patient position: (a) 320 0 for the patient in standard position (supine with head towards stand), (b) 140 0 for the patient in a prone position with head towards stand and (c) 40 0 for the patient supine with feet towards stand. must be remembered that this procedure, although it may give a more accurate value of the path length, does not increase the accuracy of the method.
As a further refinement to these methods, the dose correction factor should also contain the mass energy absorption coefficient (expressed relative to that of water) for the material in which the calculation is being made. Existing programs do not, in general, include this factor and therefore it is important to state clearly whether it is included or not or, indeed, is needed for the dose that is desired.
Any of the methods discussed may easily be incorporated into a computer program but none of them accounts for the lateral extent of inhomogeneities (Kappas and Rosenwald, 1984) .
Traditionally, the main limitation concerning the validity of dose computations in inhomogeneous regions has been the difficulty in obtaining a realistic Volume integration of differential scatterair ratios· (Delta volume) 5. 6.
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• Beaudoin (1968), Wong et a/. (1984) . f Boyer and Mok (1985) . g Webb and Fox (1980) . description of the inhomogeneities. The availability of CT scanners now makes it possible to obtain this information and the accuracy of the correction procedures used in treatment-planning programs should be improved. Separation of primary and scattered radiation makes it possible, theoretically, to make a more accurate dose calculation: by dividing the patient volume (or, as a first order approximation, the patient crosssection) into small elements and assuming that the --zsurface in 11 "''' reference ,,-,.".;: /' situation Fig. 5.2 . Schematic demonstration of the use of outlines (body outline indicated as surrounding an area with electron density, PI and outline surrounding an inhomogeneity with an electron density, P2) in the calculation of the dose to a point P in the body. II = air gap used for isodose shift or inverse square law corrections; 12 = distance through PI to inhomogeneity; 13 = penetrated thickness of inhomogeneity (through P2); 14 = distance from inhomogeneity to point P; d = depth from reference surface to point P; scattered radiation emerging from each element is proportional to its electron density. An example of this is the differential scatter-air ratio method proposed by Beaudoin (1968) (Category 4, Table 5 .1). Such calculations have the advantage of compatibility with a density matrix representation of the patient but are time-consuming and not yet practical. A method which does separate primary and scatter and does use the CT density matrices directly has been proposed by Sontag and Cunningham (1978) and given the name the equivalent tissue-air ratio method (Category 3, It must also be noted that none of the methods so far discussed address the question of electronic equilibri- 
Point of entrance
Example of a ray penetrating an array of pixels of different densities, indicating the determination of path lengths II, 1 2 .. . In within the pixels penetrated. (Modified from Schlegel et al., 1980.) um. For high energy radiation, this can be important in regions where densities or tissue composition is changing rapidly.2
Volume Irradiated
Representation of a radiation beam in the reference situation involves a semi-infinite medium with a flat surface. In most treatment situations, however, the irradiated volume has a complicated shape and differs markedly from that ofthe reference situation. This is indicated in Figure 5 .4a. To calculate the dose at a point such as P, there are a number of methods, each with increasing accuracy, for accounting for the actual shape of the scattering volume. The simplest would be the application of an equation such as Eq. 2.6, in which case the surface is considered to be flat and the depth, Z, used for the scatter calculation is assumed to be the same for all of the terms in the integration, see Figure  5 .4b. Clearly, if the point is near a portion of the surface where its slope is steep, an error can result. This error does not occur if an equation such as Eq. 2.14 is used because the scatter is accounted for by adding together differential elements, each of which has its own appropriate depth value. The shape of the scattering volume is thus more properly accounted for and will be as indicated in Figure 5 .4c. Because of the finite size of the patient there is always a lack of scattered radiation near the exit surface and this fact is rarely allowed for. This has been called a build-down effect because it is somewhat analogous to the buildup effect that occurs on the incident surface (see, for example, Nilsson and Schnell, 1976) . Only a more complete three-dimensional method such as the delta volume method (Wong et ai., 1984) , would take into account the true scattering volume as in Figure 5 .4d.
In some other representations, the lack of lateral scatter can be accounted for by assuming that a shielding block is placed over the region where tissue is missing. In all cases, the dose distribution near a surface or an interface between two different materials will not be quite correct because of the absence of electronic equilibrium (Young and Kornelsen, 1983) , however, this is rarely a large effect.
Electron Beam Modification by the Patient
The shape of the volume to be irradiated and the shape and composition of internal body inhomogeneities have a most significant influence on the dosedistribution in electron therapy.
2 For all dose calculat ion methods so far implemented or proposed, with t he exception of Monte Carlo methods (Category 6, Table 5 .1) , it is assumed that the magnitude of the absorbed dose and kerma are equal. Simple rules have been derived from measurements (Poretti and Ionesco-Farca, 1978; Okumura, 1972) to take body curvature and oblique incidence of an electron beam into account. An isodose shift method similar to that used for photon beam therapy can be used whereby the isodose curves are shifted at each part.icular point according to the thickness of the air gap along a given ray (Pohlit, 1960; Laughlin, 1965) . This, however, is not very satisfactory for electron beams because of the neglect of lateral scattering effects.
Photon
Effects of Composition and Density
The presence of inhomogeneities in the body gives rise to significant distortion of the dose distribution for two reasons: the energy absorption depends mainly on the electron number density, and electron scatter is strongly influenced by'the atomic number ofthe medium. Differences in absorption result in a shift of the dose distribution along a ray whereas multiple scatter leads to local, but marked, dose deviations which may be either positive or negative. It has proved difficult to establish an accurate mathematical method for allowing for inhomogeneities, and various approximations have been developed which generally lead to clinically acceptable results. In large inhomogeneities, the shift of the isodose lines is dominant.
Several simple methods for dealing with this gross effect of an isodose shift beyond an inhomogeneity are discussed in the literature (Pohlit, 1960; Laughlin, 1965; Almond et al., 1967) . With smaller inhomogeneities, scattering effects near the edges become more important, and a more realistic simulation of the dose distribution can be achieved using a superposition of partial beams (Harder and Abou Mandour, 1976) , having the lateral dimensions of the inhomogeneity. Second-order correction terms based on multiple scattering theory have been applied successfully (Abou Mandour and Harder, 1978; Goitein, 1978; Perry and Holt, 1980; Brahme et al., 1981) to allow for the sharp dose variation that occurs near the edge of a small inhomogeneity that is very different in mass density compared to the neighboring medium (air cavities, metal implants, etc.).
Beam Combination
Stationary Beams
Patient Coordinate System and Patient
Grid. The dose distribution in a patient can only be obtained from doses calculated at a limited number of discrete coordinate points (see Figure 5 .5) and a coordinate system which is beam-independent should be used. The coordinate system most frequently chosen is Cartesian.
Sometimes, especially in connection with isocentric techniques, polar coordinates are used (Tsien et al., 1967) with the origin at the axis of rotation, but this has the disadvantage of increasing grid spacing with increasing distance from the origin (see Figure 5 .6). 5.4.1.2 Interpolation and Extrapolation. Doses at points that do not coincide exactly with those on the grid are obtained by interpolation or extrapolation. For reasons of simplicity and speed of calculation, linear interpolation is generally used. Sometimes, quadratic or higher-degree polynomials are used but these tend to be more time-consuming and may produce large deviations or oscillations. Exponential functions may be applied where appropriate, e.g., for depthdose representation, and are especially suited to extrapolations to large depths. The safest procedure is to choose grid points so close together that linear interpolation can be applied with no appreciable loss in accuracy. Figure 5 Fig.5 .5 Diagrams showing an example coordinate system used for locating a radiation beam with respect to a patient. Part (a) shows a Cartesian coordinate system for describing the patient outlines. In this example, an outline would be represented by a series of x and Z values (Xi,Zi) in a plane with y equal to a constant value. If there were other contours they could again be a set of x and Z values but all with another Y value. Part (b) shows another Cartesian coordinate system used for describing the radiation beam. In this sytem, the origin is the intersection of the beam axis with the beam cross-section or field (the cross-section in which beam size is defined). The field in it will be defined by a set of x and y values and a point Q within the beam will have a location (XB,YB,ZS) with respect to the beam axis and is at a distance d along this axis. In order to combine the beam with the patient the (X,Y,Z)s system is related to the (X,Y,Z)p system by a coordinate transformation as indicated in (c) . The (X,Y,Z)s system of the beam is located at (XF,YF,ZF) in the (X,Y,Z)p system and is rotated about its origin through angle O. The coordinates, (XS ,YB,ZS) , of a point Q in the beam system would be expressed by (xp,yp,zp) which must be calculated from (XS,YB,ZB) using the coordinate transformation formulae. J I Fig. 5.6 . Isodose distributions calculated on Cartesian grids with three different spacings between points; a) grid spacing 2.0 cm, b) 1.0 cm, c) 0.5 cm. The improvement resulting from a finer grid can be clearly seen.
plan. This contribution is defined at the reference point in each beam, under specified conditions. It may be stated in absolute dose values (Gy) or relative to the dose at some specified point-such a point may be one of the following:
(1) the point of peak absorbed dose;
(2) the isocenter (for an isocentric beam);
(3) a selected point of the target volume treated by the beam.
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The reference points for different beams can be located in different cross-sections, provided that the off-plane dose calculation is properly done. (These methods of weighting are illustrated in Figure 5.7 .)
The specified conditions should not include wedge attenuation, irregular field modification or inhomogeneity correction; rather it is recommended that these conditions be included in the relative dose computation. Therefore, one can give for each beam a nominal weight defined in the reference situation (Le., open beam, flat surface, water-like medium) and derive, from the relative dose computation, an effective weight representative of the actual situation. The treatment time (or monitor setting) can then be calculated in the reference situation in order to deliver the prescribed dose at a desired point in the patient. Such a procedure is applicable only if the programs accurately account for the beam modifiers and beam-patient interaction.
In any case, it is mandatory to state unambiguously the weighting conditions (reference point locations, relevant beam conditions, weighting factors) and to make sure that treatment times and dose distribution are calculated and recorded in a clear and consistent manner.
Normalization.
Normalization is a procedure followed for the presentation of the dose distribution of the selected treatment plan in order to facilitate intercom paris on with other plans and between centers.
The following normalization conventions are or have been in common use:
(1) Refer all doses to the target absorbed dose, Le., the dose at the specification point (lCRU, 1978) . This method has the advantage of facilitating the expression of the maximum and minimum target absorbed doses, the dose at hot spots and at the organ(s) at risk. When multisectional dose computation is performed, normalization for each plane should be made relative to the plane containing the specification point. This procedure is recommended especially for reporting purposes.
(2) Refer all doses to the maximum dose in the resulting total distribution. This procedure is not recommended, particularly for situations where the maximum dose is situated outside the target volume.
(3) Refer all doses to the minimum target absorbed dose. The procedure is not recommended for reporting purposes. (4) Refer to the dose at the point of beam intersection or isocenter. When either of these points are specification points, this method becomes identical to (1). b) c) Fig. 5 .7a. Diagrams showing three options for beam weighting for two coaxial opposed radiation beams (SSD technique). The resulting dose distributions are normalized to 100 at the specification point (.) in the center of the target volume. a) equal weights at peak absorbed dose; b) anterior beam weight 1.0, posterior beam weight 0.75 at peak absorbed dose; c) equal contribution for specification point. The contributions of the beams, in terms of peak absorbed doses, are then in the ratio 1/1.23 and would lead to an over-irradiation of the healthy tissues.
(5) Refer to the dose at a designated point of an individual beam (e.g., point of peak absorbed dose). These normalization conventions are illustrated in Figure 5 .8 and for another example see Figures 7.3 and 7.4. 
Special Problems Related to Moving Beam Therapy
In rotation therapy, the dose to a point inside the patient is the result of an integration of dose contributions over the arc of rotation. The models available for dose computation, however, are not amenable to analytical solution and only numerical integration methods can be applied. Numerical integration is based on the evaluation of the integrand for a finite number of positions of the beam and several methods are available for doing this. The accuracy of the integration will be improved with increasing number of positions chosen, although beyond a certain number no practical improvement will be observed. It is not necessary, for Fig.5.7h . Three field dose distributions (SSD technique) showing the two most common options for beam weighting: a) each beam delivers the same dose at its point of peak dose, b) each beam delivers the same dose to the isocenter, both distributions are normalized to 100 at the isocenter (= specification point) . . Representation of dose calculation for moving beam therapy. In (a) the beam is characterized on a polar grid with Pij being the dose at a distance from the center indexed by i along a radial line whose angle to the central ray is indexed by j. P ij is expressed as a percentage of the dose at the isocenter.
Beam
The contour is shown in (b) and the motion of the beam is represented by applying it to the contour at a series of angles. For a beam directed from angle OJ, the dose at the isocenter will be DA·T j , where Tj is the tissue-air-ratio for depth equal to radius Rj. The dose at patient grid point ri,Ok will then be DA·Tj"Pi.k-j, where the index k-j represents the angle Ok -OJ, being the angle between the line along Ok and the line along which the beam is directed. Pi.k-j is the percent depth dose at the point i,k from the beam angle OJ. The total dose at this point will be a sum of such terms, one for each applied beam position. example, to use angular intervals that are smaller than 10° to represent full rotation.
The most straightforward way of carrying out this integration is to use a method described by Tsien et al. (1967) , in which a radiation beam is represented in polar coordinates as shown in Figure 5 .9a. In this diagram, P ij is the percentage depth dose at point (i,j) on the polar grid relative to its value at the origin. Index i represents a radial distance and j represents an angle as shown in Figure 5 .9b. Figure 5 .9b also shows a patient contour described by a series of radii drawn from the isocenter using the same angular intervals. The dose on the axis of rotation from all of these beams would be given by the sum (5.4) In this expression j is the index for the angle along which a beam is directed. There are N such angles, T j is the tissue-air ratio for a depth equal to the contour radius along angle j and Wj is a weighting factor for the beam along angle j. Wj might, for example, be 1.00 for angle j, within an arc of rotation 0.50 if angle j is the terminus of an arc and 0.00 if it is outside of an arc.
Consider now a point P in the patient. Its location in the patient may be described by a radial coordinate ri and an angular coordinate Ok. The dose at this point from a beam directed along an angular direction indexed by j would be given by T j • Pi,k-j • Wj. The index k -j represents the angle between Ok and the line along which the beam is directed. The total dose at point P from all N beams is N Dik = D A I T j • Pi,k-j • Wj (5.5) j=l Rosenow and Bode (1971) and Richter (1980) have considered the relative merits of various procedures for carrying out the integration by using polynomials and interpolation formulae which allows larger angular intervals to be used.
An analogous procedure may be followed for dose calculations for dynamic treatments by approximating continuous movement by a number of discrete positions for which each tissue-air ratio, T j , may refer to a different field size. The weighting factors, Wj, may be further chosen to take account of varying rotation speed.
Special Problems Related to Three-Dimensional Calculations
The target volume has a three-dimensional shape, so do sensitive structures and so does the surface of the patient. The irradiated volume is also three-dimensional and, therefore, the configuration of scattered radiation is three-dimensional. A true three-dimensional dose calculation would involve an integration over the entire (three-dimensional) scattering volume for each grid point used in the display. Calculation methods that allow for the actual three-dimensional shape are appearing but are not yet in common use.
At present, the most practical way to perform threedimensional dose calculations is to use a sufficient number of parallel planes. This inevitably encourages the use of coplanar beams and many computer systems allow computations in multiple planes for such arrangements. Usually in such cases, for computation in each of the planes, the bOGY cross-section for that plane is considered as representative of the entire structure (see Section 5.2.2) and a three-dimensional 5.4 Beam Combination . . . 29 structure is allowed for in only an approximate way. In order to make valid calculations for non-coplanar beams, it is necessary to first describe the three-dimensional shape of the patient by methods such as are discussed in Section 4.3.
When multiple beams and multiple planes are used, care must always be taken to ensure that the doses for each beam are normalized in a consistent way. This is especially difficult for non-coplanar beams. The normalization point and method must always be clearly described (see Section 5.4.1.4).
